Pulmonary valve stenosis (PS) is one of the most commonly diagnosed congenital heart defects in dogs. Currently, transthoracic echocardiography (TTE) is the standard modality used to evaluate PS. Image acquisition by TTE can be challenging in some brachycephalic breeds of dogs. The use of echocardiographic-gated CT angiography (ECG-gated CTA) in veterinary medicine is limited. This retrospective method comparison study investigated right and left ventricular outflow diameters by sedated ECG-gated CTA and unsedated TTE in 14 brachycephalic dogs with PS and 12 brachycephalic dogs without PS. Measurements of ventricular outflow structures were made in early systole and end diastole for both modalities and then compared for significance between systolic and diastolic phases, as well as between the two modalities. Ratios of the pulmonary trunk diameter to the aorta at different locations (aortic valve, aortic annulus, and ascending aorta) and in different planes (transverse, sagittal) were compared between dogs with PS and without PS, as well as within dogs, by both TTE and ECG-gated CTA. Transthoracic echocardiography and ECGgated CTA both detected significantly greater pulmonary trunk to aorta ratios in dogs with PS at all aortic locations (P < 0.05). Pulmonary valve to aortic valve ratios were significantly smaller in dogs with PS (P < 0.05). Pulmonary trunk to aorta and pulmonary valve to aorta ratios were achieved with good anatomic detail using ECG-gated CTA. Ratios of the pulmonary trunk and pulmonary valve relative to the aorta may be useful to evaluate for PS using a modality that is underutilized for cardiac assessment.
conspicuity of the cardiac silhouette. 7 The hemivertebrae and partial pulmonary atelectasis artificially increases the cardiothoracic ratio altering conventional interpretation paradigms. Narrow intercostal spaces limit the acoustic window making accurate TTE measurements difficult and therefore amplifying inaccurate measurements. 8, 9 In human medicine, electrocardiographic-gated CT angiography (ECGgated CTA) is considered the gold standard for cardiac functional analysis overcoming many of the limitations of TTE. 10, 11 The use of ECG-gated CTA in veterinary medicine is nascent and objective research assessing the pulmonary trunk in dogs by ECG-gated CTA is sparse. 12, 13 Recent trends have focused on improving the understanding of cardiac assessment using CT with studies that include both ECG-gated and non-gated CTA for evaluation of chamber size, characterization of coronary anatomy, and evaluation of pulmonary arteries and veins in healthy dogs. [14] [15] [16] [17] [18] [19] [20] [21] The use of ECG-gated CTA provides thoracic evaluation that combines the benefits of TTE, thoracic radiography, and selective angiography. Computed tomography has a high spatial resolution that allows for cross-sectional characterization of small anatomy like the pulmonary valve leaflets, aortic annulus, and coronary arteries that are not identifiable on radiography or difficult to scrutinize using TTE.
Computed tomography also makes it possible to evaluate peripheral structures like the lungs and more distal vasculature that may not be accessible by TTE. Specifically for Bulldog breeds, ECG-gated CTA can be used to screen for coronary arterial anomalies that are often present in conjunction with pulmonary valve stenosis or screen for pneumonia, which is a pre-anesthetic risk. [22] [23] [24] [25] The aim of this study was to evaluate the ventricular outflow tracts by ECG-gated CTA and to compare measurements made from this modality to the clinical standard of TTE. It was hypothesized that (1) pulmonary trunk to aorta ratios measured on ECG-gated CTA would be significantly larger in dogs with pulmonary valve stenosis compared to dogs without pulmonary valve stenosis, (2) the pulmonary valve to aortic valve and aortic annulus ratios would be smaller in dogs with pulmonary valve stenosis, (3) the pulmonary trunk to aorta and pulmonary valve to aortic valve and aortic annulus ratios would not differ significantly between systole and diastole, and finally (4) the pulmonary trunk to aorta and pulmonary valve to aortic valve and aortic annulus ratios measured between ECG-Gated CTA and TTE for either dogs with pulmonary valve stenosis or without pulmonary valve stenosis would not be significantly different.
METHODS
Data for this study was acquired from privately owned English Bull- decided if the dog was healthy enough for inclusion as dogs were excluded from the study if they were unable to be sedated for the ECG-gated CTA. A priori power analysis (G * Power, v.3.1.9.2., http://www.gpower.hhu.de/en.html) to compute the sample size of independent measurements of two groups in order to detect a significant difference in the pulmonary trunk to aorta ratio between groups of dogs with pulmonary valve stenosis and without pulmonary valve stenosis using ECG-gated CTA was calculated. The data used for the power analysis were taken from a subset of the dogs with pulmonary valve stenosis and without pulmonary valve stenosis. The pulmonary trunk to aorta ratios were averaged and a standard deviation was calculated in order to produce a two-tailed independent group analysis (Student's t-test) with a calculated correlation of 2.896382 between groups. From this analysis, a minimum of 10 total measurements (five within each group) provides sufficient power (1-= 0.95) to identify a significant ( = 0.05) difference between measuring groups.
Transthoracic echocardiographic examination consisted of twodimensional and Doppler echocardiography. All echocardiographic studies were performed by a board-certified veterinary cardiologist (B.A.S.) using one of two echocardiography systems (a GE Vivid 7 or Vivid 9 Vivid 7 Dimension with EchoPac software package, version BT09, GE Medical Systems, Waukesha, WI, USA) with transducer selection (4, 7, or 10 MHz nominal frequency) matched to the size of the dog and preset for optimal imaging. Echocardiographic recordings were made with a simultaneous ECG and all raw data were captured digitally for offline analysis at a digital workstation (Vivid 7 Dimension with EchoPac software package, version BT09). Standard imaging planes were utilized with the dogs manually restrained in right and left lateral recumbency without the use of sedation. 26 Transthoracic echocardiographic images were acquired for each dog. Echocardiographic image quality was subjectively assessed as good, marginal, or poor.
All ECG-gated CTA scans were acquired within 6 h of the TTE study. Dogs were sedated 20 min prior to ECG-gated CTA imaging with 0.2 mg/kg of butorphanol and 10 g/kg of dexmedetomidine given intramuscularly. Glycopyrrolate at 0.01 mg/kg IV was given at the time of imaging to normalize cardiac cycle length for improved referencing of the image data retrospectively to the R-R interval on ECG. Venous access was achieved with an 18-gauge over-the-needle catheter in the right or left cephalic vein. Anesthetic monitoring consisted of ECG and pulse oximetry. The dogs were positioned in sternal recumbency on the multidetector CT table with the neck extended, the forelimbs slightly abducted, and table straps wrapped around the body to help secure the dog in place. Electrocardiogram pads were adhered to the metacarpal/metatarsal pad of each limb and a standard bipolar threelead ECG was acquired. Lead II was used for ECG-gating.
Images were acquired using a dual-source totaling 128-detector CT system (Somatom Definition Flash, Siemens Healthcare, Forchheim, Germany), which has two X-ray tubes and two detectors at a 95 o angular offset. Each detector has 64 elements with 0.6 mm collimation that can be sampled from two different projections in the z-axis such that 128 slices of data can be subsequently acquired in one rotation of the gantry. The system is capable of a 0.28-s rotation time and temporal resolution of 75 ms in single-cycle reconstruction. Scanning was performed in a cranial-caudal orientation with a free-breathing technique. The following technical factors were used for acquisition: 120 kVp, 160 reference mAs, 128 × 0.6 collimation, and 0.28 s rotation time. Tube-current pulse modulation was not utilized and the pitch was varied based on the individual dog's initial heart rate, but it remained constant during image acquisition. Contrast (Omnipaque and pulmonary valve to aorta ratio were generated from plotting a sensitivity and specificity report. Analysis of the receiver operator characteristic curves was performed as follows: For each ratio, the best cutoff to optimize sensitivity and specificity for diagnosis of pulmonary 
Study population
A total of 26 dogs were included in this study. 
Comparison of ECG-gated CTA and TTE
Gross measurements for ECG-gated CTA and TTE during early systole and end diastole for dogs with pulmonary valve stenosis and dogs without pulmonary valve stenosis are summarized in Table 1 . There was no significant difference in size of structures comparing early systole and end diastole for dogs with pulmonary valve stenosis or without pulmonary valve stenosis using ECG-gated CTA or TTE. The ECG-gated CTA measurements trended larger than the corresponding TTE measurements for both dogs with pulmonary valve stenosis and without pulmonary valve stenosis. The ECG-gated CTA measurements were significantly larger in both dogs with pulmonary valve stenosis and without pulmonary valve stenosis at the aortic valve, aortic annulus, ascending aorta in the sagittal plane (only in systole), and the pulmonary valve. The pulmonary trunk was significantly larger using ECGgated CTA in the dogs without pulmonary valve stenosis, but the measurements were similar in dogs with pulmonary valve stenosis.
Comparison of pulmonary valve stenosis and non-pulmonary valve stenosis
Numerous measurements were significantly different between dogs with pulmonary valve stenosis and without pulmonary valve stenosis Notes. * Denotes structures that are significantly different between the two modalities; ECG-gated CTA and TTE (P < 0.05). Average is generated from 13 dogs † , as the aortic outflow was not clearly imaged in long axis left ventricular view for one dog. PS, pulmonary valve stenosis.
( Table 1 ). The pulmonary trunk was significantly larger in the dogs with pulmonary valve stenosis for both imaging modalities. The pulmonary valve and the ascending aorta (in transverse and sagittal planes) were significantly smaller in the dogs with pulmonary valve stenosis for both modalities. The aortic annulus was significantly smaller in pulmonary valve stenosis dogs using TTE; no significant difference was identified for ECG-gated CTA. No difference was identified for the right and left pulmonary arteries using ECG-gated CTA.
Comparison of pulmonary trunk to aorta ratios
Ratios were all significantly larger in the dogs with pulmonary valve stenosis ( Table 2 ). The pulmonary trunk to aortic valve, as well as, the pulmonary trunk to aortic annulus were significantly larger using TTE during both systole and diastole. Ratios of the pulmonary trunk to ascending aorta (in transverse and sagittal planes), as well as, the aortic annulus during systole were significantly larger for ECG-gated 
Comparison of pulmonary valve to aorta ratios
The pulmonary valve to aorta ratios are significantly smaller in dogs with pulmonary valve stenosis (Table 3 and Figure 5 ). No significant difference was identified comparing the pulmonary valve to aorta ratios between modalities for either pulmonary valve stenosis and without pulmonary valve stenosis. No difference was identified between the systolic and diastolic measurements.
TA B L E 2
Pulmonary trunk to aorta ratios for dogs with pulmonary valve stenosis and without pulmonary valve stenosis calculated from electrocardiography-gated computed tomography angiography and transthoracic echocardiography Notes. The white boxes are early systole and gray boxes are end diastole; no significant difference was identified between early systole and end diastole. There is a significant difference for all measurements comparing pulmonary valve stenosis and no pulmonary valve stenosis. The measurements with an asterisk ( * ) are ratios that were significantly different between the two modalities; ECG-gated CTA and TTE (P < 0.05). Average is generated from 13 dogs ( † ) because the aortic outflow was not clearly imaged on the TTE long axis left ventricular view. PT:AoVT, pulmonary trunk to aortic valve ratio in the transverse plane; PT:AscAo T , pulmonary trunk to ascending aorta ratio in the transverse plane; PT:AoA S , pulmonary trunk to aortic annulus ratio in the sagittal plane; PT:AscAo S , pulmonary trunk to ascending aorta ratio in the sagittal plane.
Receiver operating characteristic curve
The area under the curve for differentiating dogs with pulmonary valve stenosis and without pulmonary valve stenosis using ratios of the pulmonary trunk to aortic valve/annulus and the pulmonary valve to aorta are displayed in receiver operating characteristic curves ( Figure 6 ). The overall pulmonary trunk to aorta ratio area under the curve was 0.982. The cutoff value of the ratio to the closest 10th for the pulmonary trunk to aorta ratio was 1.2; the sensitivity was 0.880 with false positive rate (1, specificity) of 0.013. The overall pulmonary valve to aorta ratio area under the curve was 0.870. The cutoff value of a ratio to the closest 10th for the pulmonary valve to aorta ratio was 0.8; the sensitivity was 0.777 with false positive rate (1, specificity) of 0.146.
Interobserver agreement
The interobserver intraclass correlation coefficient was high for both TTE and ECG-gated CTA (0.97 and 0.94, respectively).
DISCUSSION
High quality ECG-gated CTA studies in sedated brachycephalic dogs were accomplished in dogs with pulmonary valve stenosis and dogs without pulmonary valve stenosis. The sedated ECG-gated CTA studies were compared to non-sedated TTE studies. The ECG-gated CTA measurements were larger when a significant difference was found comparing modalities; this is consistent with previous work that showed the aortic root of humans was significantly smaller measured by TTE when compared to ECG-gated CTA. 29 The use of ECG-gated CTA is a relatively new technology in veterinary medicine capable of identifying measurable anatomic differences in brachycephalic dogs with pulmonary valve stenosis.
The aortic valvular measurements have discrete anatomic landmarks. Utilizing the leaflets, to determine borders for measurement, aids in a consistent methodology. The aortic annulus and aortic valve did not differ in size between dogs with pulmonary valve stenosis and without pulmonary valve stenosis using ECG-gated CTA making it a consistently sized structure to compare to the pulmonary trunk. The ascending aorta in both the transverse and sagittal planes differed significantly between the dogs with pulmonary valve stenosis and without pulmonary valve stenosis dogs. Ratios generated from the PT:AoV T or PT:AoA s greater than 1.2 provide an objective measure with high sensitivity and specificity. Increasing the ratio to 1.5 would improve the sensitivity but also increase the chance of false negatives possibly missing cases with mild remodeling of the pulmonary trunk. A previous report utilized a pulmonary trunk to aorta ratio of 1.4 as a tool to screen for dogs with pulmonary hypertension. 12 Our data shows that measurements of the pulmonary trunk to aorta greater than 1.2 should initiate Notes. For ECG-gated CTA, PV:AoV T is the ratio of the pulmonary valve to aortic valve measured in the transverse plane (AoV T ). The PV:AoA S is the ratio of the pulmonary valve to the aortic valve annulus measured in a sagittal plane (AoA S ). The white boxes are early systole and gray boxes are end diastole; no significant difference was identified between early systole and end diastole. No significant difference was identified between the two modalities. Average is generated from 13 dogs † because the aortic outflow was not clearly imaged on long axis left ventricular view. PV:AoA S , pulmonary valve to aortic annulus ratio in the sagittal plane; PV:AoV T , pulmonary valve to aortic valve ratio in the transverse plane.
further evaluation for causes of pulmonary trunk dilatation. The pulmonary valve was found to be significantly smaller in dogs with pulmonary valve stenosis, which is reflected in the significantly smaller pulmonary valve to aorta ratios. Individually the ratios generated from the pulmonary trunk and pulmonary valve measures were good at differentiating structural changes of dogs with pulmonary valve stenosis compared to dogs without pulmonary valve stenosis as demonstrated by the receiver operator characteristic curves. Further research should include the application of the pulmonary trunk and pulmonary valve ratios with additional causes for pulmonary trunk dilatation, like primary pulmonary hypertension or heartworm disease, to evaluate if the combination of ratio measurements is specific to pulmonary valve stenosis.
The location for the aortic measurement influenced the pulmonary trunk to aorta ratio for pulmonary valve stenosis dogs using ECGgated CTA. The ratios generated from measurements at the aortic root (PT:AoA S and PT:AoV T ) were significantly smaller in both the systolic and diastolic phases when compared to the ascending aorta (PT:AscAo T and PT:AscAo s ,). There was no difference between the pulmonary trunk to aorta ratios generated from the aortic structures and ascending aorta for pulmonary valve stenosis dogs using TTE. The location of the aortic measurement did not differ for dogs without pulmonary valve stenosis regardless of the imaging modality.
No anatomic measurements differed when the early systolic and end diastolic cardiac phases were compared for either modality. The primary advocacy for gating of the CT scan during the cardiac cycle is the reduced motion artifact and improved delineation of structures for more accurate measurements. 30 Non-gated CTAs are more widely available in practice as ECG-gating requires additional software that adds cost to the purchase of a CT scanner. The data demonstrate that timing during the cardiac cycle need not be a critical consideration.
However, high motion anatomy like the pulmonary valve leaflets can introduce difficulty when measuring landmarks leading to inaccurate measurements if gating is not employed. 31 A lack of ECG-gating can be overcome with a high-pitch technique using a dual-source scanner; however, the scanners with dual-source technology are commonly cost prohibitive in clinical veterinary medicine. 32 An alternative method to improve anatomic margins is a drug-mediated bradycardia seen with dexmedetomidine and high-detector count in a single-source scanner.
A study directly comparing ECG-gated CTA and non-ECG-gated CTA in the same dog would be required to assess if the gating technology is necessary.
The use of ECG-gating for CTA studies is a newer technology in veterinary medicine. The interpretation of cardiac disease on ECGgated CTA will require an initial learning curve to develop a comfort with the complex anatomy as the field of cardiac CT develops.
Two individuals were recruited for each modality in attempt to quantify agreement between observers. The interobserver measurements for agreement were better for TTE compared to ECG-gated CTA, although the differences were minimal. Preparation was made prior to acquiring measurements to standardize the methodology for measuring dimensions on both ECG-gated CTA and TTE. The measurements selected for this study was based on routine parameters performed on TTE cross-sectional images. An additional step was necessary for ECG-gated CTA measurements, which required the two observers to independently generate the multiplanar reformat that mimicked the transverse and sagittal planes of cardiac structures prior to measurement, while this step was not required for TTE measurements where F I G U R E 6 A, Receiver operating characteristic curve evaluating for a threshold of a pulmonary trunk to aortic valve/annulus ratio to differentiate between dogs with pulmonary valve stenosis and dogs without pulmonary valve stenosis. The area under the curve is 0.982 with a 95% confidence interval of 0.972-0.992. A pulmonary trunk to aorta ratio of 1.2 will have a sensitivity of 0.880 and false positive rate (1, specificity) of 0.013. B, Receiver operating characteristic curve evaluating for a threshold of a pulmonary valve to aorta ratio to differentiate between ratios for dogs with pulmonary valve stenosis and dogs without pulmonary valve stenosis. The area under the curve is 0.870 with a 95% confidence interval of 0.820-0.919. A pulmonary valve to aorta ratio of 0.8 will have a sensitivity of 0.777 and false positive rate (1, specificity) of 0.146 parameters, decreases in dogs sedated with dexmedetomidine. 33, 34 Therefore, the necessity to sedate dogs for ECG-gated CTA was assumed to impact cardiac function leading to a significant difference in measurements when compared to unsedated TTE examinations. The findings from this study corroborates previous work that demonstrated that function was more impacted by a sedation protocol that included dexmedetomidine. 33 The effect of dexmedetomidine was found to have a similar impact in cats when interpreting echocardiography or thoracic radiography. 35, 36 A recent study found a change in TTE-estimated pulmonary artery pressure in dogs before and after sedation with butorphanol. 37 While the mentioned study did not evaluate changes in pulmonary artery size with sedation, this change in pressure could potentially impact the size of the pulmonary trunk. Our study emulates a comparison between the two modalities that is not direct, but rather represents what would be expected in the clinical environment. Transthoracic echocardiography can be performed without sedation so as to not influence cardiac function; however, this is not always possible. Unfortunately, unsedated exams are not possible for ECG-gated CTA in dogs. Simultaneous, sedated TTE studies would be beneficial to directly compare examinations with the two modalities. However, sedated TTE was not performed because the dogs were client-owned patients and the authors did not want repeated or prolonged sedation in brachycephalic dogs that have an increased risk of aspiration pneumonia. 25 It was not possible to image the dogs concurrently by both TTE and ECG-gated CTA under the same level of sedation as the two pieces of imaging equipment (TTE and multidetector CT) were located in two separate facilities and access to the multi-detector CT scanner occurred late in the evening. A lower dose of sedation may be attempted in future studies; a 10 g/kg dose of dexmedetomidine was chosen to provide a sufficient duration of sedation for transport to the scanner, performance of the scan, and transport back to the veterinary hospital. The combination of intramuscular alfaxalone and butorphanol has demonstrated no significant difference for clinical analysis of echocardiographic studies in cats. 38 Future studies are needed to investigate differing drug protocols, specifically alfaxalone, and the impact on their functional analysis in ECG-gated CTA in dogs.
The inherent differences in imaging tools may also contribute to the variation in measurements. The spatial resolution differs between the modalities with ECG-gated CTA having a greater resolution than TTE. 39 The sedation protocol used induces a slower heart, which can also impact the temporal resolution of the imaging studies. The dualsource CT scanner has a greater temporal resolution compared to TTE. 39 Sedated ECG-gated CTA provided high-quality, multiplanar, crosssectional cardiac studies with high interobserver measurement reliability in dogs. The first and second hypotheses were confirmed with ratios that separated dogs with pulmonary valve stenosis from dogs without pulmonary valve stenosis. Sedated ECG-gated CTA and unsedated TTE were able to detect enlargement of the pulmonary trunk to aorta ratios and smaller pulmonary valve to aorta ratios when comparing pulmonary valve stenosis dogs with dogs to those without pulmonary valve stenosis. The third hypothesis was confirmed as there was no difference between measurements made in systole versus diastole. The fourth hypothesis was rejected; sedated ECG-gated CTA and unsedated TTE were not equivalent for pulmonary trunk to aorta measurements. Pulmonary valve stenosis may result in PT:AoV T or PT:AoA s ratios greater than 1.2 and PV:AoV T or PV:AoA S ratios less
